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Christina M. Hull,1,3 and Nancy P. Keller1,4*

Department of Medical Microbiology and Immunology, University of Wisconsin—Madison, Madison, Wisconsin1; Unité des Aspergillus,
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Aspergillus fumigatus is the causal agent of the life-threatening disease invasive aspergillosis. A. fumigatus
laeA deletants, aberrant in toxin biosynthesis and spore development, are decreased in virulence. Among other
characteristics, the decreased virulence is associated with increased spore susceptibility to macrophage phago-
cytosis. Three characteristics, cell wall microbe-associated molecular patterns (MAMPs), secreted metabolites,
and rodlet content, thought to be important in macrophage-Aspergillus spore interactions were examined. Flow
cytometry analysis of wild-type and �laeA spores did not reveal any differences in surface-accessible MAMPs,
including �-(1,3)-glucan, �-mannose, chitin, and other carbohydrate ligands. Blocking experiments with
laminarin and mannan supported the conclusion that differences in cell wall carbohydrates were not respon-
sible for enhanced �laeA spore phagocytosis. Aspergillus spores have been reported to secrete metabolites
affecting phagocytosis. Neither spent culture exchange, transwell, nor coincubation internalization experiments
supported a role for secreted metabolites in the differential uptake of wild-type and �laeA spores. However,
sonication assays implicated a role for surface rodlet protein/hydrophobin (RodAp) in differential spore
phagocytosis. A possible role of RodAp in enhanced �laeA spore uptake was further assessed by RodAp
extraction and quantification, where wild-type spores were found to contain 60% more RodAp than �laeA
spores. After removal of the surface rodlet layer, wild-type spores were phagocytosed at similar rates as �laeA
spores. We conclude that increased uptake of �laeA resting spores is not associated with changes in secreted
metabolite production of this mutant or surface carbohydrate availability but, rather, due to a decrease in the
surface RodAp content of �laeA spores. We theorize that RodAp acts as an antiphagocytic molecule, possibly
via physicochemical means and/or by impeding MAMP recognition by macrophage receptors.

Infectious fungal diseases are an increasingly intractable
cause of mortality worldwide. The most common filamentous
agents of disease are members of the genus Aspergillus. These
species are primarily saprophytic molds that can produce a
wide spectrum of diseases in both plants and animals. The
species responsible for more than 90% of human disease is A.
fumigatus (7, 12, 15, 18). Disease symptoms run the spectrum
from allergic bronchopulmonary aspergillosis to invasive as-
pergillosis (IA), the latter particularly on the rise owing to
increased numbers of immunocompromised patients, including
those afflicted with HIV/AIDS, malignancy, and organ dys-
function. High aspergillosis mortality rates emphasize the need
to find improved means to treat these diseases. Our overall
goal is to develop a better understanding of both fungal and
host mechanisms contributing to disease development as a
platform toward developing enhanced protective therapies.

The internalization of spores by macrophages is a key
component of the early immune defense against fungal in-
fections, including Aspergillus infections. A compilation of
studies of spore phagocytosis has presented a partial under-

standing of this complex process. Recognition of the spore is
a key requirement for both the phagocytosis of the spore
and the subsequent activation of macrophages. Surface mol-
ecules, now termed microbe-associated molecular patterns
(MAMPs) (8), are critical for recognition of spores. The best-
characterized fungal MAMP is �-(1,3)-glucan, recognized by
the mammalian receptor dectin-1 (5). Low amounts of surface-
accessible �-(1,3)-glucans on resting spores of A. fumigatus are
associated with decreased phagocytosis indexes compared to
swollen spores, which display increased amounts of surface
�-(1,3)-glucans (13). Similarly, increased internalization of
resting spores of the A. fumigatus pksP mutant (lacking spore
pigments) is associated with higher concentrations of surface
�-(1,3)-glucans (11, 13).

In addition to �-(1,3)-glucan recognition, other molecules
have been speculated to play a role in spore phagocytosis.
Although not well defined, metabolites diffused from spores
have been reported to affect macrophage handling of A. fu-
migatus spores (14), including inhibition of phagocytosis (2).
Spore architecture influences cellular internalization as well;
the outermost cell wall layer of Aspergillus spores is decorated
with interwoven proteinaceous microfibrils called rodlets. These
are hydrophobins encoded primarily by RODA that confer
physiochemical properties to mediate spore dispersal and, possi-
bly, cellular interactions (9, 20). In particular �rodA mutants,
lacking the rodlet layer, are more sensitive to macrophage killing
(16). Spore pigments, encoded by developmentally regulated clus-
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tered genes including pksP, confer resistance to macrophage
phagocytosis and intracellular killing (10, 21–23), seemingly
through enhanced �-(1,3)-glucan availability as discussed above
(13). Null mutants of the dioxygenase PpoC, showing altered
spore morphology, are also taken up more readily by macro-
phages, although the mechanism underlying this increased inter-
nalization has not been uncovered.

Previously, we reported on an A. fumigatus mutant, �laeA,
that displayed decreased virulence. Among other characteris-
tics, decreased virulence was associated with increased suscep-
tibility to macrophage phagocytosis. Spores harvested from
�laeA strains produced diminished amounts of at least one
metabolite in vitro, and surface features of spores harvested
from �laeA strains showed an overall loss of prominent pro-
trusions, which was speculated to be associated with abnormal-
ities in rodlet formation (3). Here, our goal was to elucidate
fungal modifications in �laeA conidia related to phagocytosis.
We provide evidence that increased uptake of �laeA resting
spores is not associated with changes in secreted metabolite
production of this mutant nor with �-(1,3)-glucan (or other
surface carbohydrate) availability but, rather, is associated with
decreased RodAp content of �laeA spores.

MATERIALS AND METHODS

Animal use. All animal studies were performed under the approval of the
University of Wisconsin animal care committee. C57BL/6 mice were used in all
experiments. In preliminary experiments, alveolar macrophages and thioglyco-
late-elicited peritoneal macrophages behaved similarly under several functional
parameters, including phagocytosis of wild-type (WT) and �laeA conidia. Thus,
thioglycolate-elicited peritoneal macrophages were used for all experiments. For
peritoneal macrophages, mice (n � 4 to 8 mice per experiment, with 1 mouse per
replicate) were injected intraperitoneally with 1 ml of 3% thioglycolate solution,
and peritoneal fluids were collected after 5 days using 3 ml of phosphate-buffered
saline (PBS). Cells were washed twice in RPMI 10 (RPMI 1640 [HyClone,
Logan, UT] supplemented with 10% heat-inactivated fetal bovine serum [In-
vitrogen, Carlsbad, CA] and gentamicin [Sigma, St. Louis, MO]) prior to use.
Macrophage preparations routinely exceeded 90% viability based on trypan blue
exclusion.

Aspergillus preparation. Aspergillus fumigatus Af293 and the �laeA deletion
strain TJW55.2 (3) were used in these studies. Strains were maintained in glyc-
erol stocks and cultured on glucose minimal medium (GMM) (17) at 37°C to
obtain spores. Spores were collected in H2O–Tween 20 (0.01%) and stored at
4°C. Swollen spores were obtained by shaking at 300 rpm at 37°C for 7 h in RPMI
10, followed by two washes in RPMI 10. For fixation, spores were incubated in
a 4% solution of electron microscopy-grade formaldehyde (Polysciences, Inc.,
Warrington, PA)–PBS at room temperature for 30 min, and aldehydes were
quenched with 100 mM glycine. Spores were washed three times in H2O–Tween
20 and twice in RPMI 10 before use. Conidial death was confirmed by plating
aliquots on GMM and incubating at 37°C for 3 days.

Secondary metabolite extraction. Wild-type and �laeA spores were point in-
oculated onto GMM plates (30 per strain) and grown at 37°C for 5 days. The
solid medium containing both conidia and mycelium was homogenized in a
blender with 200 ml of methanol and agitated on a stir plate for 1 h. Fungal
biomass was filtered out, and the methanol extract was evaporated. Extracts were
weighed, resuspended in methanol to 1 mg/ml, and kept frozen at �80°C.

Phagocytosis assays. Primary cells were washed twice in RPMI 10, counted,
and plated at 106/well in 12-well tissue culture plates containing coverslips. After
a 2-h adherence period, spores (5 � 105/well) were added to each well. Plates
were spun at 1,200 rpm for 5 min to bring spores in contact with macrophages
and then incubated at 37°C for 1 h. Wells were washed twice with RPMI 10 and
incubated an additional 2 h to allow for complete uptake. Coverslips fixed in 2%
formaldehyde were washed and mounted onto glass slides for microscopy. Ex-
tracellular spores were labeled with calcofluor white and excluded from analysis.

In blocking experiments, soluble laminarin or mannan derived from Saccha-
romyces cerevisiae (0.5 mg/ml final; Sigma) was added to the macrophages 30 min
prior to the addition of spores. In experiments to determine the role of metab-
olites in phagocytosis, methanol-derived secondary metabolite extracts were

added at 10 �g/ml to the macrophage culture immediately prior to spore addi-
tion. In preliminary experiments, macrophage viability was tested against 10-fold
dilutions of metabolite extracts to identify the highest metabolite concentration
(10 �g/ml) that did not affect cell viability. For the competition assay, wild-type
conidia were labeled with Alexa 488 and �laeA conidia were labeled with Alexa
594 (Invitrogen) according to the manufacturer’s instructions for protein label-
ing. Conidia of each strain were easily distinguished by fluorescence microscopy
using this labeling method.

For the transwell assay, phagocytosis was performed as above with the addition
of each well containing a transwell insert (0.2-�m filter; Corning) containing
medium alone or excess �laeA conidia (100-fold increase; 5 � 107/transwell). For
sonication experiments, conidia (5 � 107/ml) were sonicated at 120 W for four
5-min intervals with incubation on ice between sonications. This method has
been shown to remove rodlet proteins from the conidial surface without affecting
conidial morphology (16). Untreated and sonicated conidia were washed at least
five times before use in phagocytosis experiments.

Flow cytometry. Resting spores were washed twice in ice-cold PBS, and 100 �l
of spores (107/ml) was incubated with anti-�-(1,3)-glucan primary antibody (0.5
�g/106 conidia; Biosupplies Australia Pty. Ltd., Victoria, Australia) for 20 min
followed by an additional 20-min incubation with phycoerythrin-conjugated goat
anti-mouse antibody. This staining regimen labels swollen conidia and germlings
(positive control). For calcofluor white and lectin staining, spores were washed
twice in lectin buffer (HEPES-buffered PBS with Mg2�/Ca2�) and labeled with
lectins as recommended in the manufacturer’s protocol (Vector Laboratories,
Burlingame, CA). The lectins tested were concanavalin A (ConA), Dolichos
biflorus lectin (DBA), peanut agglutinin (PNA), Ricinus communis agglutinin
(RCA120), soybean agglutinin (SBA), Ulex europaeus agglutinin I (UEA I),
wheat germ agglutinin (WGA), Griffonia simplicifolia lectin I (GSL I), Lens
culinaris agglutinin (LCA), Phaseolus vulgaris agglutinin E (PHA-E), Phaseolus
vulgaris agglutinin L (PHA-L), Pisum sativum agglutinin (PSA), Sophora japonica
agglutinin (SJA), Datura Stramonium lectin (DSL), Erythrina cristagalli lectin
(ECL), Griffonia simplicifolia lectin II (GSL II), Jacalin, Lycopersicon esculentum
lectin (LEL), Solanum tuberosum lectin (STL), and Vicia villosa lectin (VVL).

Rodlet (RodAp) extraction method. The rodlet layer was extracted from the
spore surface by incubating dry spores with hydrofluoric acid for 72 h at 4°C (1).
The contents were centrifuged (10,000 rpm, 10 min), and the supernatant ob-
tained was dried under N2. The dried material was reconstituted in H2O, and
protein was estimated by Bradford assay and also subjected to SDS-PAGE (15%
gel). This method releases only RodAp, which was confirmed by matrix-assisted
laser desorption ionization–mass spectrometry and tandem mass spectrometry
analyses (data not shown). Spores stripped of RodAp by this method were fixed
and then assessed in phagocytosis assays.

Statistical analysis. Data were analyzed by Student’s t test or, for multiple
comparisons, a one-way analysis of variance with Tukey’s honest significant
difference test using Prism 5 software (Graphpad Software, Inc., La Jolla, CA).
Data are presented as means � standard errors of the means (SEM), and
differences were considered significant at P values of 	0.05.

RESULTS

Cell wall analysis of wild-type and �laeA spores. A previous
study by Bok et al. (3) revealed that reduced virulence of a
�laeA mutant correlated with an altered spore surface and
enhanced spore phagocytosis by macrophages. From these
observations, we hypothesized that cell wall carbohydrate
ligands, some of which are involved in spore phagocytosis
[e.g., �-(1,3)-glucan], were altered on resting spores of the
�laeA strain. To compare the carbohydrate accessibility on
wild-type and �laeA spores, spores were stained with anti-
bodies or lectins and analyzed by flow cytometry. The panel
of 19 carbohydrates tested included chitin (detected with
calcofluor white), �-(1,3)-glucan [detected with a �-(1,3)-
glucan-specific antibody], sialic acid (detected with elder-
berry bark lectin [EBL]), 
-linked fucose (detected with
UEA I), and 
-linked mannose (detected with LCA). As
seen in Fig. 1A (and data not shown), wild-type and �laeA
spores displayed nearly identical surface labeling. To confirm
that accessibility of ligands did not contribute to differential
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uptake, blocking experiments were undertaken using laminarin
(a linear polymer of �-glucans) and mannan (derived from
Saccharomyces cerevisiae). Incubation of macrophages with sol-
uble carbohydrates during the phagocytosis assay did not alter
the difference in phagocytosis observed between �laeA and
wild-type strains (Fig. 1B).

Here we note that for all experiments at least 100 macro-
phages were counted from triplicate wells per sample. The
conidia/macrophage ratio used in these experiments resulted
in equivalent numbers of wild-type or �laeA conidia per
macrophage but demonstrated a difference in the percent-
age of macrophages engulfing wild-type or �laeA conidia. At
larger conidia/macrophage ratios, the percent uptake was
equivalent between strains, but increased numbers of �laeA
conidia were phagocytosed compared to wild-type conidia

(data not shown). Since either ratio demonstrated increased
phagocytosis of �laeA conidia, we chose to examine one
ratio for all experiments.

Investigating the role of secreted factors in spore uptake.
Having ruled out some common cell wall-associated carbohy-
drates often involved in phagocytosis, we suspected that wild-
type or �laeA spores may secrete a factor(s) that influences
phagocytosis. To determine the potential for a secreted factor
to alter uptake, we killed spores by formaldehyde fixation and
subjected both live and killed spores to phagocytosis. Formal-
dehyde fixation had little effect on phagocytosis of spores,
causing only a small decrease in both �laeA and wild-type
spores (Fig. 2). Although uptake of WT and WT fixed spores
was significantly different (P � 0.0007), this could be the result
of formaldehyde affecting the antigenic sites on WT spores

FIG. 1. Surface carbohydrate analysis of A. fumigatus wild-type and �laeA spores. (A) Flow cytometry was used to assess carbohydrate
accessibility on the cell wall of resting spores. Shown are the results of six carbohydrate moieties analyzed (19 total). The gray lined and tinted
histogram represents relative signal on wild-type spores, whereas the unfilled black histogram represents signal on �laeA spores. At least 10,000
spores were counted per histogram, and the percentage of maximum on the x axis refers to the percentage of total counts for a given fluorescence
intensity. Relative fluorescence intensity is shown on the y axis. (B) Soluble laminarin and mannan were used in phagocytosis assays to block
peritoneal macrophage receptor recognition of carbohydrate ligands (n � 4 mice). Results are presented as the mean � SEM of two independent
experiments.
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more than �laeA spores. Regardless, the reduced uptake of
WT spores compared to �laeA spores was retained whether
the spores were live or killed.

We then examined uptake of live spores from both strains in
the presence of methanol-derived metabolite extracts. Previ-
ous studies suggested a role for fungal metabolites as modu-
lators of macrophage phagocytosis (2, 14); however, we were
unable to identify a contribution of either �laeA or wild-type
metabolites to uptake at several concentrations tested (Fig. 3A
and data not shown). To further identify whether �laeA-asso-
ciated products could influence uptake, we utilized a transwell
system in which small, soluble compounds are able to migrate
between an upper transwell and lower chamber, whereas
spores are prevented from moving between chambers. In the
lower chamber, macrophages adhered to coverslips were com-
bined with live or dead wild-type spores, and live �laeA spores
(100-fold more than wild type) were placed in the upper trans-
well. Regardless of the presence of live �laeA spores, wild-type
spore uptake was unaffected (Fig. 3B). Phagocytosis assays
were also performed to assess whether �laeA or wild-type
spores directly affect the rate of phagocytosis. Wild-type and
�laeA spores were labeled with different fluorophores and
added in equivalent amounts to the same well containing mac-
rophages. Phagocytosis of �laeA spores remained significantly
higher than wild type (Fig. 3C), suggesting that increased up-
take of �laeA spores is mediated by �laeA-specific interactions.

The rodlet layer is disrupted in �laeA spores. A. fumigatus
spores are enveloped in a hydrophobic rodlet layer comprised
of RodA protein (e.g., RodAp) that enhances dispersal and
protects against environmental stresses; another putative hy-
drophobin, RodBp, plays little or no role in the rodlet layer
and hydrophobicity. Scanning electron microscopy analysis
performed by Bok et al. (3) suggested an alteration in the spore
cell wall, and this observation, coupled with the mischeduled
RODA expression (albeit under liquid growth conditions, in
contrast to use of solid growth medium in this study), war-
ranted further investigation. During swelling, conidia release
their rodlet layer, exposing other carbohydrate and protein

FIG. 3. Increased uptake of �laeA spores is not related to a
secreted product. (A) Secondary metabolites extracted from wild-
type or �laeA GMM had no effect on uptake of wild-type spores.
Results are shown for wild-type metabolite (WT met) and �laeA
metabolite (�laeA met) extracts added to wild-type spores. Simi-
larly, wild-type and �laeA extracts added to �laeA spores had no
effect (data not shown). (B) At a 100-fold excess, �laeA spores did
not produce transwell-diffusible components to influence the
phagocytosis of either live or dead wild-type spores. (C) When
�laeA and wild-type spores were combined in the same well with
macrophages, phagocytosis of �laeA spores remained significantly
higher than wild type. At least two independent experiments were
performed with peritoneal macrophages (n � 4 to 8 mice) for each
panel. Results are presented as the mean percent uptake � SEM.

FIG. 2. Macrophage phagocytosis comparison of live and dead
spores. Spores were killed by formaldehyde fixation and washed at
least five times before use. Peritoneal macrophages (n � 4 mice) were
combined with spores for 1 h, washed, and incubated an additional 2 h
before counterstaining with calcofluor white. Percent uptake was cal-
culated as follows: (number of macrophages containing 1 or more
spores/total number of macrophages counted) � 100. Results are
presented as the mean percent uptake � SEM of two independent
experiments. *, P 	 0.05.
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moieties. To determine whether an altered rodlet layer in
�laeA spores may be contributing to differential uptake, we
first compared uptake of resting and swollen spores from wild-
type and �laeA strains. In contrast to resting spores, phagocy-
tosis of swollen �laeA and wild-type spores was similar, sug-
gesting that differential uptake could be specific to the rodlet
layer of resting spores (Fig. 4A).

To further examine the possible role of an impaired rodlet
layer in the enhanced �laeA phagocytosis, we sonicated resting
spores to release rodlet proteins from the conidial surface
(modified from the method described by Paris et al. [16]).
However, sonication did not significantly alter spore uptake of
WT or �laeA conidia (Fig. 4B). Additionally, the difference
between wild-type and �laeA spore uptake was not eliminated
following sonication, which may have been due to the incom-
plete elimination of the rodlet layer of wild-type spores by this
method.

Previous studies of rodlet mutants demonstrated the impor-

tance of RodAp, but not RodBp, in formation of the rodlet
layer and protection against macrophage killing (16). We ex-
amined the total RodAp content in wild-type and �laeA spores
(Fig. 5). RodAp extracted from wild-type spores using hy-
drofluoric acid (HF) (1) was significantly greater (�60%; P �
0.05) than from �laeA spores, as demonstrated by Bradford
assay (where 1 � 108 wild-type conidia contained 24.9 � 0.3 �g
of RodAp and �laeA contained 10.3 � 0.4 �g as determined in
three individual experiments) and silver staining (Fig. 5) of the
total protein extracted from each strain. To specifically address
the contribution of rodlets to the differential uptake, HF-
treated conidia lacking surface hydrophobins were tested
for their phagocytosis. Macrophage uptake of HF-treated conidia
was similar between wild-type and �laeA strains (Fig. 6), in con-
trast to uptake of living or fixed conidia (Fig. 2). Together, these
results implicate perturbations of the hydrophobic rodlet layer in
the increased phagocytosis of �laeA spores.

FIG. 4. An altered rodlet layer may be responsible for increased up-
take of �laeA spores. (A) Swollen spores were prepared by incubating in
RPMI 10 for 7 h at 300 rpm. Conidial swelling, which results in loss of the
rodlet layer, eliminated the difference in peritoneal macrophage uptake
between wild-type and �laeA spores. (B) Resting spores were sonicated to
remove the rodlet layer, and uptake of sonicated spores was compared to
resting spores. The difference in uptake between wild-type and �laeA
spores decreased following sonication. Results of two independent exper-
iments per figure (n � 4 mice per experiment) are shown as the mean
percent uptake � SEM. *, P 	 0.05.

FIG. 5. RodAp content is reduced in �laeA spores compared to
wild type. An SDS-PAGE (15%) profile is shown for the rodlets
extracted from 1 � 107 wild-type or �laeA spores using hydrofluoric
acid, wherein the RodAp level was decreased in the �laeA spores.

FIG. 6. Removal of the RodAp layer from wild-type spores results
in similar phagocytosis rates as with �laeA spores. Resting wild-type
and �laeA conidia were treated with hydrofluoric acid to remove the
surface rodlet layer, fixed with p-formaldehyde, and examined for
phagocytic uptake by peritoneal macrophages (n � 5 mice). Results
from two independent experiments are shown as the mean percent
uptake � SEM.
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DISCUSSION

A primary role of the innate immune response is phagocy-
tosis of microbes. The typical route of infection by A. fumigatus
is through pulmonary exposure, where alveolar macrophages
are responsible for the phagocytosis and killing of Aspergillus
spores. Accordingly, a decrease or increase in spore phagocy-
tosis may be associated with decreased or increased virulence,
respectively. Strides in understanding the fungal factors in-
volved in the engulfment process have been largely achieved
through immunological and biochemical studies of Aspergillus
mutant, and wild-type, host-cell interactions.

Several A. fumigatus mutations have resulted in altered in
vitro and in vivo macrophage interactions. Our focus here was
on the A. fumigatus �laeA deletant. Removal of the laeA gene
results in reduced virulence of two distinct strains of A. fumiga-
tus (3, 19). In the Af293 background, spore morphology was
affected and �laeA spores were phagocytosed at strikingly
higher rates (3). At the time, we speculated that an altered
profile of secreted metabolites from the �laeA spore could
impact the ability of host phagocytic cells to ingest spores
and/or, because expression of RODA was altered in the �laeA
mutant, this could contribute to aberrancies in engulfment.
The similarity of gross appearance of �laeA spores to �pksP
(alb1) spores also suggested the possibility that increased
�-(1,3)-glucan accessibility could be the root cause of in-
creased uptake of �laeA resting spores based on findings from
Luther et al. (13) on increased �pksP phagocytosis.

The possibility that differences in common cell wall ligands
could be responsible for the enhanced phagocytosis of the
�laeA spores was examined for a multitude of carbohydrates,
including �-(1,3)-glucans, 
-mannose, chitin, sialic acid, and
other less commonly found ligands. However, flow cytometry
results did not support this hypothesis, because both wild-type
and �laeA spores exhibited nearly identical cell wall properties
(Fig. 1A). Rejection of the hypothesis was strengthened for
two highly significant MAMPs, �(1,3)-glucans and 
-mannose,
by receptor blocking assays in which uptake of spores was not
altered in �laeA (Fig. 1B). These data led us to conclude that
surface carbohydrate content does not contribute to �laeA
spore susceptibility to phagocytosis.

LaeA was first identified as a global regulator of secondary
metabolite production (3, 4), and the possibility of loss of an
antiphagocytic or gain of a prophagocytic metabolite(s) also
seemed a plausible explanation for laeA mutant uptake. In
support of this hypothesis, at least two studies had previously
implicated diffused factors important in conidial engulfment
(2, 14). However, we found no evidence for a role for secreted
metabolites in the differential uptake of �laeA and wild-type
spores in either spent medium exchange, transwell, or mixed
inoculum studies (Fig. 3A to C, respectively). While this study
did not rule out a role for small molecule mediation of conidial
engagement, it did not lend support for a role for LaeA in such
a function.

An important clue in �laeA spore-macrophage interactions
came from observations of differential phagocytosis of resting
and swollen conidia. In contrast to the consistent enhanced
uptake of resting �laeA spores, there was no statistical differ-
ence in the percent uptake of swollen �laeA spores compared
to comparable wild-type cells (Fig. 4A). Other studies have

attributed an increase in engulfment of wild-type swollen
spores to the increased exposure of �-(1,3)-glucans (13), me-
diated, at least in part, by the loss of spore rodlet layers (16).
A. fumigatus contains two hydrophobins, RodAp and RodBp,
but it is RodAp that solely contributes to the hydrophobin
layer of the spore (16). Most recently, RodAp has been shown
to be immunologically inert, blocking host cell activation (1).
This finding, together with its hydrophobic properties and
masking of �-(1,3)-glucans, implicates RodAp as a deterrent to
host immune defenses. Because earlier studies had indicated
mischeduled expression of RODA in the �laeA mutant—al-
though under different growth conditions than in this study—it
seemed possible that RodAp could be playing a role in �laeA
mutant phagocytosis. We first asked whether sonication of the
resting spores, presumed to remove RodAp, would affect the
differential uptake of mutant and wild-type spores (Fig. 4B).
Although there were no significant differences between soni-
cated wild-type and �laeA spores, there was a trend for the
wild type to approach �laeA levels after 20 min of sonication.
More importantly, protein analysis of �laeA spores showed an
approximately 60% decrease in the RodAp level compared to
that of wild-type spores (Fig. 5).

As a final examination of a role for RodAp in abberant �laeA
spore uptake, we compared phagocytosis of untreated fixed
conidia (Fig. 2) and hydrofluoric acid-treated fixed conidia (Fig.
6). The removal of the rodlet layer by this latter method elimi-
nated the difference in uptake between wild-type and �laeA
conidia, supporting our hypothesis that a decreased rodlet layer
contributes to the increased uptake of �laeA conidia.

The RodA protein is one of two hydrophobins found in A.
fumigatus spores. The resting spore is covered with a layer of
hydrophobic rodlets composed of RodAp, which is disrupted
and released during germination of the spore (6). The second
hydrophobin, RodBp, is not required for rodlet formation (16).
Deletion of RODA but not RODB results in increased spore
killing by macrophages (16) and, most recently, RodAp has
been demonstrated to block host cell recognition of A. fumiga-
tus spores (1). Our data here suggest that RodAp also contrib-
utes to the ability of macrophages to internalize A. fumigatus
spores. This “antiphagocytic” property of RodAp appears to
be independent of �-(1,3)-glucan availability as assessed in
flow cytometry and blocking experiments, although some al-
teration of �-(1,3)-glucan presentation to a receptor(s) by
RodAp cannot be ruled out. Decreased hydrophobicity of the
�laeA spores due to decreased RodAp content could contrib-
ute to the enhanced uptake of the mutant spore as reported
previously (3). Regardless of mechanism, and with the knowl-
edge that we cannot completely rule out all other possible
phenomena (e.g., specific �laeA spore uptake enhanced by
natural opsonins), the results as presented here strongly im-
plicate RodAp in microbial evasion of phagocytic processes of
the host cell. We suggest hydrophobin masking may be a com-
mon avoidance tactic of fungal pathogens.
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